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SEARCH FOR MAGNETIC MONOPOLES IN LUNAR MATERIAL

Zntroduction

Under this contract we have searched for magnetic monopoles in
1%.¢ kpms. of lunar material returned bv Apollo 11, 12 and 14 missions,
The search was done with a detector built under this contract which is
capable of detecting anv single monopole of anv charge equal to or larger
than the minimum valiue compatible with Dirac's theorv. The detector has
Seen described in a separate publication and that repor: is enclosed in
this final report as Appendix A.

Two experiments were performed, each one with different .unar
iraterial. In each experiment the lunar material was divided into several
measurement samples. 7Jable I and II give the NASA identification number
and the weight of the constituent(s) of each sample for experiments I
and II respectively.

No monopole was found, that is, the mapnetic charpe of each
sample was consistent with zero. [Prom that result, one concludes that
the flux ¢f monopoles in space is less than 10718 cn%sec™! and that the
cross section for pair production by proton collision is less than lO'Qlcm2
1f the mass of the monopoles is less than about 10 bev/c2.

A detailed account of the results of this work coneerni..g the
Apcllo 11 search has been reported and is enclosed with this final report
as Apvendix B. In that publication, the justification of the lunar search
is given, the relationship of this search to other monopole searches is

discussed, and the implications of the negative result are spelled out.
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TABLE I
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Apollo 11 Samples Used in Experiment 1

Sample
Number

WN TG EWN e

"
-

11

Ey
s

2
<

14
15
16
17
18
19
20
21
22
23
24

25
26
27
28

NASGA
Identification

100G2,94
10002 ,87
10002,86
10002,92
199062,93
10002,89
10092,90
10022,1

10023,1

10024,3

10002,88
10602,85
10002,9;
10002,96
10002,95
10002,97
10002,1C7
16002 ,106
10002,108
10002,109
10002,A
10002,7A
10002,7B
10002 ,4B
10002,4C
10002,5C
10002 ,4A

10002, 8B
16002, 5A
10002,5B
10002, 6A

Weight (grams)

298.0
285,49
286.8
293.2
286,2
300.6
261.5

213.0
312.5
325.8
3004
04,8
325.8
288.8
303.0
296. 5
294,0
31v.0
301.5
304,5
298,5
318.0
297.5

3-)6.0
272,0

- 312,0

316,95
296,5
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Sample NASA
Humber Identification
1 14163.0
2 14163.0
3 14163.0
4 I4163.0
5 14163.0
6 14163.0
7 14163.0
8 _14163.0
9 14259,0
19 14259,0
11 14259,0
12 14259,0
13 14163.0
14 14003.15
15 14163.0
16 14259.0
17 14163.0
18 14259.8
19 14163,1
20 14163.1
21 14259,0
22 14163.0
23 14163.0
24 1l4321,60
25 14259.0
26 14003,16
27 14259,0
28 14321.61
29 14163.0
30 14163.0
31 14163.0

TABLE IT

Apollo 14 Samples Used in Experiment II

e

Weight "(grams)

259.4
230.9
299.5
142,9
268,.2
269.6
223.8
259.2
198.5
215.1

199.0
224,6
250.6
301.0
206.5
198,1
288.0
301,5
286.4

3u4.3

107.3
242,06
232.3
261.0 r
196.1
301.0
192,5
104,0
243,0
238.8
263,2
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TABLE 1I (continued)

Apollo 11 Samples Used in Experiment .I

Sample
Number

32

33

34

NASA

Identification

10072,19
10017.74
10021,36
10061,2
10017,81
10085,105

1001¢.31
10058.3
10085.101
10061,u48
10044,15
10082.1

10057

10045.18

10002,22
10059.1
10100.2
10020,16

Weight (grams)

40,26
107,52
29.98
32.89
98.98
265.13
337.76

29.66
173.20
26,03
27,00
39.74
49,13
364,76

35,50
21.02
46,05
53.96
22,98
128,65
308.16
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TABLE II (continued)
Apollo 12 Samples Used in Experiment II
Sample NASA
Number Identification Weight (grams)

35 12065,83 49,482
1.2001.98 32.90
12079.10 168,14
12021.151 .Cu
12021,152 7.32
12021.153 1.70
12021.159 .01
12033.1B 7.60
12056.0 58.35
325, 88
36 12021,7¢< 3.40
12033.1n 3450
12036,1 42,75
12021.123 106.21

12001.3 85,54 ‘e

120u4,0 70,11 o
12021.107 2.89
12077.0 21.25
335,65
37 12021.158 .80
12033.1F 10,13
12037.u4 36.36
1372 239,55
386,80

r
38 12032.1 26,62
12021,110 4,0u
12034,38 21,83
12035.7 21,61
.10
39 12021,113 2,34
12053, 74 35.76 L

12002,179 42,49

12051.21 26,22 \

12022,108 31.94 ;

12021.100 2.u46
1373 C 235,10

Ve

s o



‘p S

4}

42

43

L4y

TABLE 11 (continued)

4]

KASA

Identification

12063,74
12021.128
12021.76
12076."
12033,.1A
120424
12021,74
13/3 A

12021.101
12033.3
12070,150
12033.2
12064, 44
12060,90
12021.117

12021.96
12021.127
12020,u46
12038,7€
12079,165
12070,138
12079,.2

12070,150
12008,2
12065,55
12022,91
12002.92
12002,183
12021.131

12002,25
12021,15
12022,103
1373 B

120186,65
12063,118
12021,11¢

armples Used in Experiment II

Weight (Ezams)

41,32
3.50
2.14

28,80
2,42

57.70
3.92

239,35
37015

3,91
23.00
181.16
22,40
22.65
22,18
2,65
277.95

3,92
4,01
25,14
36.43
39,95
156,40
78.35
350,20

150,00
30.30
40,61
88,82
36.40
26,33

2,12

77.92
23.7%
4l.11
227.08
24,88
27.06
3,40
525,20
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TABLE II (continued)
Apollo 12 Samples Used in Experiment II
Sample NASA
Number Identification Weight (grans)
us 12021,115 1.83
12003.29 46,28
12021. 54 29,96
, : 12021,121 2,40
ol . 12051.63 28,78
: 12021,35 2.77
i 1377 32,57
ll-lﬁ. 1)
: 46 12021, 64 39,58
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A Magnetic Monopole Detector Utilizing Superconducting Xlements*

Luis W. ALVAKEZ, MAURILIO ANTUNA, JR., Roscoe A. Byrns, Paitipre H. EserHARD, ROBERT E. GiLMER,
Feon H. Hover, RoNalo R. Ross, Hans H. STELLRECHT, JouN D. Tayror, AND RoBerT D, Wartt
Lawrence Radiation Laboratory, University of California, Berkeley, California 94720
(Received 6 July 1970; cad in final form, 13 November 1970)

An electromagnetic detector has been built to extend the search for magnetic monopoles to the lunar sample
returned during the Apollo missions. It is sensitive to the minimum magnetic charge allowed by Dirac’s theory
and permits analysis of a sample without changing any of its propertics. The apparatus consists of a supercon-
ducting niobium sensing coil with a core at room temperature, shorted by a supercanducting mechanical switch
and protected against the effects of variable ambient magnetic field by an adequate shield made of superconducting
lead. Characteristic features, performance, and sample containers are described.

INTRODUCTION

HIS is the description of a detecior for magnetic
monopoles which utilizes only the clectromagnetic
properties of those particles and does not rely on their
ionizing properties. Monopoles are particles that would
interact with a magnetic field just as electric charges
interact with an electric field That is, they would act as
a source for the magnetic field and would be accelerated
by it. They would be stable and have a magnetic charge

¢ given by
8=vgo ()

where, according to Dirac's theory,! » is an integer and
go 13 the minimum value for a magnetic charge. In the
Gaussian system of units,

ehe el @
T8 24

Since }/a=2137, this equation says that the value of the
smallest magnstic charge (measured in cgs emu) is about
68.5 times the electron charge (measured in cgs esu).

The existence of magnetic monopoles would give cre-
dence to the only known explanation for the extraordinarily
precise phenomenon of electric charge quantization.? Ac-
cording to a recent. theory,’ the most fundamental paiicle,
the building block of the universe, would have both a
magnetic and an electric charge.

Searches at high energy accelerators have not produced
monopoles by bombarding matter with protons of energies
as high as 70 GeV,! even though these experiments should
have produced them if production cross sections were as
low as 2X1u¢ cm®. The only source of protons with
appreciably higher cnergies is the primary cosmic radia-
tion, with its power law spectrum extending up to 10%
GeV. Other experiments®* searching large quantities of
matter have not discovered a single monopole even though
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it was reasonable to assume that monopoles produced by
the primary cosmic rayvs would have ended up by being
trapved there.

Lunar matter has been exposed to the primary cosmic
ray flux ior a very long time, and se¢ might contain mono-
poles, either created by interaction of cosmic rayv protons
with nucleons. or as a trapped component of the primary
cosmic radiation, Therefore, it seemed worthwhile to
search for monopoles in the lunar samples brought back
by the Apolio mission, and a proposal was submitted to
NASA in 1966.7 Acceptance was subject to several con-
straints on the handling of the precious lunar sample. In
particular, NASA specified that the material

{a) remain in vacuum,

(b) remain at normal temperature,

(¢) maintain its physical integrity {no cutting or melting
at the rocks),

{d) be limited in acceleration to prevent damage, and

{e) never be exposed to magnetic fields much greater
than the earth’s field.

Moreover, any detector used had to be sensitive to a
fraction of the charge go o insure that noise would be no
problem of any importance even when detecting a mono-
pole of minimum charge. Reliability was imperative be-
cause of the schedule imposed by operating in the Lunar
Receiving Laborator, .

DETECTION PRINCIPLE

In our equipment the presence of a monopole woukld be
detected by the magnetic charge that it would confer w
the whole sample. ‘There would be o flux emitted by the
sample cqual to

P=4ng=pb,, A

where ®,=4X10"7 G-cm? and » is the integer of Eq. (1).

Jf such a sample were passed through a coil (Fig. 1),
it would induce an ¢lectrcmotive force associated with the
change of flux in the electric circuit.? 1f the coil is part of
a closed superconducting circuit carrying a current /, the
net eflect will be a change of 1,9

Al = Nndy/l., €))

whe.e Al is the change in cuarrent 7, X the number of
passes of the sample, # the number of turns in the coil,
and L the self-inductance of the coil,

so Current |
mpie poth
:‘- - ————
/ ‘\
i Coil )
/I

~
e e - ——— e 4

F1q. 1, Superconducting loop used for detection,
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Amplifier  Scope

— 30

.~ Switch

Current supply
!

Crysstat (1 1 _

AL
Shietd | ! o
Auxiliory coil— Sensing coil

A

¥ic. 2. Sketch of monopole detector and electronic circuits.

A known current is introduced in the circuit, the
sample is circulated N times, and then the current is
measured. From the current change AJ the sample mag-
netic charge can be determined.”

In our equipment, a superconducting switch is con-
nected in parallel with a superconducting sensing coil
(Fig. 2). When the sample is being run the swiich is
closed ; hence the coil is shorted so that circuit is the loop
of Fig. 1. The current is measured from the voltage pulse
generated across the coil by opening the switch. The pulse
is transferred outside the crvostat, amplified, and finatly
recorded on an oscilloscope.

EQUIPMENT AT LOW TEMPERATURE

The detector has three independent cireuits, each con-
sisting of a sensing coil, o switch, a=d a set of shielded
cables leading out of the cryostat. For the operation, only
one circuit is necessary, The other circuits are provided
for reliability.

Sach sensing cotl is made of 1200 turns of 6,31 mm
niobium wire and has a sell-inductance of 78 mH. To
induce a small reference flux in the sensing coi!, an auxil-
iary coil fed by a current supply is provided (Fig. 2). It
has four turns of copper wire and a mutual inductance of
204 uH with each sensing coil.

The superconducting switch, shown in Fig. 3, has a
movable cone that can be brought in contact with both
terminals of the switch at the same time. Superconduc-
tivity is provided by coating all parts with 60 I'b-40 Sn
solder. The movable cone is attached by means of a rod
to a pneumatic cylinder operuted at room temperature,
Contact pressure and closing and opening speeds are
varied by regulating gus pressures, The switch is operated
remotely by a solenoid valve which controis the gas tiow
to the cylinder. Its response is sharp, with resistance
going from zero to intinity in less than 100 prec

The cryostat is shown in Fig, 4. The superconducting
clements are immersed in liquid helium. The liguid helium
container and liuid nitrogen heat shields are placed inside
a vacuum chamber, The vacuum chamber is traversed by
a tube of 86 mm inner diameter where sample containers
are transported at room temperature and pressure through

AP W i st A
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the’ sensing coils. This tube and the corresponding coaxial
tube in the liquid helium container are made of fiberglass-
epoxy laminate to limit eddy currents when the switch
is being opened. Une hundred thirty layers of 6 u alumin-
ized Mylar are used bLetween the tubes to reduce heat
loss. Total cryostat thermal loss is 4.2 W (6 liters of
liquid helium per hour).

To guard against false signals induced by any change in
the ambient magnetic field, it i nccessary 10 apply an
effective magnetic shicld, This shickl, shown in Figs. 2
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Fi0. 4. Crycstat and transport system,

and 4, consists of a superconducting sheet of lead sur-
rounding the coil area and extending as a small cylinder
for four diameters in botn directions away from the coil.
It reduce- the effect of external field changes in any
direction vy more than a factor of 10%, while it attenuates
the signal expected due to passage of a monopole by
about 209, from the value predicted by Eq. (4). Becausce
of the size of the shielding inside the hehmm container,
over-all dimensions of the cryostat are 1.8 m long (in the
direction of coil axis), 1.2 m wide, and 2.1 m tall.

AMPLIFIER

The voitage pulse generated when the switch is opened
has a time integral proprrtional to the self-inductance of
the sensing coil and the current £ in the loop. The respons.:
of the amplifier of Iig. 2 to such a voltage pulse has a
shape like each of the three signals of Fig. 5. The difference
in height betweer: the maximum and the minimum, the
peak-to-peak amplitude of the signal, is proportional to
the time integral of the input pulse and is rather insensi-
tive 1o small variations in its shape. In addition the signal
amplitude remains measurable for wide variation ir trig-
gering level of the ’scope.

The amplifier output shape is produced by the circuit
of Fig. 6. The circuit consists of an operational umplifier,
a differentinting RC circuit as the input impedance, an
integrating RC circuit of the same time constani to close
the feedback loop, and an additional integrator with the
samne time corstanit on the output. To maximize the
signal-to-noise ratio, the time constant is set as short as
possible consistent with variation in switch opening times.
Parameters of the amplifier were varied in order to
optimize the time constant and the input impedance, In
addition, the input capacitor prevents thermoelectric
effects from generating uncontrolled currents in the sensing
circuit. Best performances were obtuined by using an
additional feature not shown on Fig. 2, a 1:6 transformer
before the amplifier and a capacitor in series with the
primary.!

The detector sensitivity is measured by placing a long
calibrated solenoid through the detecting coil with the

Tante 1. Changes equivalent to one pass of 3 magnetic
charge ge through the detector,

(1) Flux per turn of the coil =dy= 4.04X10°? Goem?®
(2) Flux detected in the sensing coll corrected
for reduction effect of shield = 31X 107 G oom?
(3) Current ‘n sensing roil = 5 EA
() Current in auxiliary coll= 195 nA
(8) Magnetic ield ulonyg the axis and in the
center of sensing coil = 24 03
(6) Magnetic dipe’e along the axis and in the
center of sensing coil = 9.1X10° 7T e
(st
(7) l -2*"“ PRIV
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ends protruding well beyond the shielding. Turning on a
current in the solenoid simulates the passage of a known
magnetic charge along a path represented by the solenoid.
The relation between magnetic charge and signal on the
'scope is therefore established for a single pass. Table I
lists quantitative changes in variables which all evoke
the same system response.

SAMPLE CONTAINER AND TRANSPORT SYSTEM

The sample container, show:. in Fig. 7, is designed to
maintain the samyle in vacuum. The container diameter
is maximized consistent with the size of the tube that
traverses the cryostat in order to process as much material
as possible. The sample transport system is shown in Fig.
4. A three-wheeled (rubber tired) cart connected to a
0.36 mm Mylar belt carries the sample container around
k. loop. The belt is driven by a crowned rubber-faced
4% ¢m diam pulley set, coupled to a Varispeed clectric
maotor. Spesds of about 3 m/sec are available, but the
NASA-imposed lunar sample acceleration limit of 1 g
reduced the operating velocity tn 1.5 m/sec, correspond-
ing ‘o a period of about 4 sec for 1 revolution.

The track and drive assembly were designed to isolate
the sensing coils as much as possible from vibrations that
might result in a displacement of the coil "vith respect to
the lead shield. This would cause flux variations and
hence current changes in the sensing coil because of the
inhomogeneous field trapped by the lead. To further
minimize this effect, a system of coils around the cryostat
reduced the magnetic field in the sensing region to a few
milligauss while the assembly was cooled to liquid helium
temperature and the lead became superconducting.’

OPERATION

After cooldown, the sersing circuit is checked for super-
conductivity, i.e., its ability to conserve the current for
a long time, Its resistance has to be less than 10-% @ and
consisten:. with zero, and the switch, when opened, should
produce signals of proper shape and height before the
circuit is considered satisfactory. Then, sample analysis
proceed=.

A sampln is loaded into the container, which is then ‘

attached to the transport system. The electronics is then
tested by use of the auxiliary coil and a current spply
shown in Fig. 2. With the superconducting switch open,
a current of 20 uA is fed through the auxiliary coil. When

—_—

Fig, S, Signal displsy. 1-—
Reference signal, 2 rt-atore
signal, 3-~measurement signal.
Vis ti\e nmplltudc of the mea-

aivament ol
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ke, 6. Sketch of

aniplifier circuit. The - t
circuits R; Cy, R; C;, now_ - I e, Sutpr
) ‘— -~ ?...: Py
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!
-

and R; Ci have the
same time constant,

the current supply is turned off, a signal is recorded on
the oscilloscope. It is called the reference signal (No. 1 in
Fig. 5). It represents a change of tlux equivalent to
circulating a monopole of charge 1000 go one time or of
charge go a number of times No=1000. Its amplitude
should be of siandard size. Then a test of the switch,
coil, and vibration effects is performed by turning the
current on again, closing the superconducting switch, snd
then turning the curreni. supply off so that a standard
current is stored in the superconducting loop. The sample
is circulated a few tiies and stopped outside the shielding,
The switch is opened and the resulting signal stored on
the ’scope. This signal we call the short store signal
(No. 2 in Fig. 5). It should alzo he -f the siandard size.
Finally, we repeat the opela ions used in getting the
short-store signal but this time circulating the sample a
large number of times, N =401, This is the mcasurement
signal (No. 3 in Fig. 3).

The magnetic charge g of the sample is determined from
the differerce between the amplitude V of the measure-
ment signal and the standard amplitude V¥, determined
from an average of many reference signals,

g=L(V=V0o)/VoJ(No/N)go. ®)

Because a zero magnetic charge produces a standard
signal, the proper operation of the equipment is tested
even when samples without monopeles are run. A change
in signa! size indicates the presence of « monopole or a
malfunction of the equipment. When this happens, the
equipment is checked and the sample rerun, The presence
of a monopale would be revealed by reproducible mea-
surement signals V different from V,, identical at each

U //////A////////,[// // é%/
xrf%\\\\\x
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run, when the equipment is found to be funciivning
properlv. The signals of Fig. 5 irdicate no magnetic
charge 1n a sample.

PERFORMANRCE

When a sample is passed through the detector .V times,
_the measurement er-or é¢ of the magnetic charge is

ég="(a/Ngo, - (6)

where ¢ is the I-standard-deviation uncertainty of the
measurenient signals, expressed in tertus of the number of
passes of the charge go that would produce the same
deviation. -

‘I'ne reference signals have a {-standard deviation spread
equivalent 1o 25 pas.es. This can be explained by the
noise of the operational amplificr. Referring to Table I,
we see this is eguivalent to a field change of 6 X108 G, or
a current change of 1.4 nA in the scnsing coil. The energy
associated with 1.4 A in a 78 mtl coil is ahout 0.5 eV.
The i-staundard-deviation spread of beth the short-store
aud measurement signats is equivalent w 435 passes. The
increasc in spread of these signals over the refersnce
sigrals is attributed to additional noise owing to switch
opening and inherent variations in the mechanical pasition
of tie detecting coil. Because this noise figure is the same
for both shoit-stoie and- measurement signals, it shows
that the une -tainty iu the measurement of the magnetic
charge is indeed inversely proportional to the rumber of
passes N, us in Eq. (6). For N =100 and ¢=45, as in the

cperation with the lunar sample, the-uncertainty of the

measurement is (.11 g, from Lq. (6.
The cquipment was instalied in the Lunar Receiving
Laboratory of the Manned Spucecraft Center ‘'n Houston,

Texas. Twenty-eight samples of lunar material of a total -

weight of 8.4 kg were exumined there during August 1969.

The magnetic charge of all samples was measured and:

ET AL,

wound to be consistent with zero and inconsistent with go
or any larger charge. From this cxperiment upper limits
for the production cross sectior and flux of monopoles
in cosmic ravs were inferred.?
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A search for magneti~ monopoles ‘n lunar material has been performed by the electromag-
netic measurement of the magnetic ~harge of samples. All measurements were found consis-
tent with zero charge for all samples and inconsiatent with cny other valie allowed Ly the
Dirzc thzory. Upper imits are determined for the mouopole flrx in cosmic radiation and for
tue pair-p.ouducil- n cooes section in proton~-nucieon ccilisions.

I. INTRODUCTION

An electromagnetic monopoie detector has been
used t» measure L. magnetic charge of samples
of iunar material returned by the Apollo 11 mis-
sion. The null resclt aad a preliminary interpre-
tation have been reported.! This paper gives a
more romplete analysis of the experiment,

The discovery of inagnetic monopoles would have
far-reaching consequences. Their existence has
been invoked in the explanation of the phenomenon
of electric charge quantization,?:? a phenomenon
which has been verified to the limit of experimen-
tal accuracy.' According to a recent theory? the
elementary pasticles would be made of electrical-
ly charged monopoles, i.e., particles having both
an electri. and 4 magnetic charge,

Ail searches {or monopoles reiy on some physi-
cal propertier attributed to those perticles. The
failuse to discover them in a given experiment
calls for careful documentation of the monopole
properties that were assvmed and for an assess-
ment of their likelihood, /. ‘legaiistic” point of
view may be appropriate to judge the proois of
absence of monopoles in such an experiment, All
the propertiec assumed in our detection techuique
stem from long-range interactions, i.c., the only

interactions for which reliable predictions can be
cocmputed when the coupling constant is a8 large
as the one exvected for magnetic monopoles.

In Sec. II we describe the basic properties of the
monopaie, and in Sec. I we discuss some experi-
mentil consequences based on them. In Sec. IV we
describe our measurements of the magunetic charge
of 28 samples of lunar material. Interpretation of
our negative result in terms of limits for the cos~
mic-ray flux and the production cross sections
depends on the history of the lunar surface, for
which reasonable hypotheses are advanced; that
history justifies the search for monopoles in the
lunar material. These hypotheses cannot be par-
alleled to the properties assumed for the detection
technique, They are described and used to inter-
; rel. our data in Secs. V, VI, and VII. Some mea-
surements performed on different material with
the same equipment and the limit we have obtained
for tae monopole density in ordinary matter are
reported in Sec, VIII. Same remarks about the
present experimental situation are given in Secs,
IX and X,

.. BASIC PROPERTIES OF MONOPOLES

In classical electrodynainics, a mugnetic mono-
pole is u particle that possesses & magnetic charge
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£, .e.. a source of a fiux of magnetic induction B,

}_.g;g_ﬁ'dz. W1
's

where S is a suriace surroundin: the monopaole and
dA an element of that surface, and all quantities
are measur=d in Gaussian units. I a menopele is
in moiiur, it generates an electric field E around
its patk: in 2 way similar to tha! ia which an elec-~
tric charge generates a magnetic field (see Fig. i},

- - 3‘ % -
$uE=-132 27 @

where ;_ is the curreat density of magnetic char-
ges. F:owni Eqs. (1) and {2) one can derive a con-
tine’iy equation [o- magnetic current deusity.
Therefore, just a. electric charge is conserved,
magnetic charge is conserved, so 2 monopole can-
mot G.cay in‘c magneticuily neutral particles grlv.
Y mouupriles exist, there must be at least one
xind of them ‘hat is stable,

When the g2neral principles of quaatum thecry
are brought int the picture, a study of the scat-
tering of an eleciren Ly a magnetically ciiarged
particle, even at iarge distances, shows® that the
magnetic charge mus: be quantized if the basic
principles on which quantum mechanice is founded
are to he retained:

£~ Ve, (3)

where v is an integer and g, i+ the unit of quantiza-
tion, In the Gaussian system of units

ehc el
L 37 2a’ (4)

where a =3} is the fine-structure consiant and ¢
is the electron charge. Therefcre, g,, in emu, is
about 68.5 tirnes the valu: of ¢ in esu, a condition
originally derived by Dirac?® and referred to as the
Tirac quantization condition,

Other theories®: ® have been hypothesized which
require that Eq. (3) be valid but that v in Eq. (3) be
a multiple of 2 or 4. References t possible viola-
tions of £q. (3) van be found in the literature,” and
searches for such violations have been made.*:*
But the demonsira‘ion that yields (3) and (4) is the
same as the one that quantizes electric charge:
therefore, only if monopoles satisfy (3) can they
be invoked in the explanation of electric charge
quantization we have referred to.

We assume quantization of magnetic charge ac-
cordang to Fgs, (3) and (4) as a basic property of
the monopoles we are looking for, except when
explicitly mentioned otherwisc.

The minimum nonzero magnetic charge is g,.
Evsan if a monopole had the minimum charge, its

E ectrctiea

\\ ) Moagpa'e path

\// ‘rarth pale)

Thi. 1. Electrir field surrounding the path
cf a moving mcnopole.

coupling constant to the electromagnetic field
would be much strorger than the strong-interaction
coupiing constant. It follows that computations of
short-range interactions wiil be at least as unre-~
liable fur monopoies as they are for hadrons.
However, monopoles have jong-range interactions
die to the electromagunetic field. For them, the
corr:ctions to the 1 r Born approximation vary as
1/7* and, for large enough r, should be negligi-
ble.!'* For large » the first approximatior is re-
liable, and the properties derived from it are very
wrell established,

113, EXPERIMENTAL CONSEQUENCES
A. Induction in a Coil

Using long-range interactions only, one can de-
duce the property used in our detectinn technique.
If a monopole travels along the axis of a coil (as
in Fig. 2) it will induce an electric field that will
coatribute to the electromotive force in the coil,**

gt AV 1 dF
& =n c dt‘ear’ )
where n is the number of turns of the coil and
dN,d¢ is the number of monopoles of charge g
passing per unit of time; F is the flux of B ir the
coil,

If the co'l is a superconducting coil shorted by a
superconducting switch, § is forced to be zero,
The flux F is increased at each pass of the mono-
pole by the value A F, (Ref. 12):

-AF -ndag. (6)
Switch
N\
’-—.
Sample . Current 1
porn Yy e o _———
’ \
{ Coil l
\ /
~ -~

FIG. 2. Sample path through the superconducting loop
used {or magnciic-charge measuromont.
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if one arranges to have a sample containing charge
£ make N, passes along the path of Fig. 2 anc the
total change, A~. is measured. the magnetic
charge of the sample can be determined frm

—AF, _ —AF

" 4m -4!mN, )

]

B. Binding tv Ferromagnetic Crystals

Of course, the above technigue detects mono-
poles that are attached o the sample analyzed,
i.e.. that are bound to it.

Once a magnetic monopole is in the neighborhood
of a lerromagnetic c-ysta!, it will be attracted by
its image charge in the crystai. One can show that
the binding enerpy in the ferromagnetic material
is preater than =30eV bv using the classical laws
for interaction at distances greater than 1000 A.

A monopole can escape a magnetic trap formed of
ferrumagnetic material only if exposed to a very
strong magnetic field."> Of course, it is probable
that monopoles would be tightly bound to atoms or
to nuclei with a magnetic moment,**:** but, in
ferromagnetic material, the biading is established
with mure certainty because it depends only on
long-range interactions. The presence of ferro-
magnetic materiaf in a sample would insure (rap-
ping of the monopoles that would have been ther-
malized in it, even i{ all other binding mechanisms
did fail.”® That is the case of the lunar sample.'®

C. Encrgy Loss

Monopoles are bound to lose energy by energy
transfer to atoms of the material they traverse,
Unless pathological characteristics are attributed
to monopoles (like a zero mass, for instance),’
they will, because of this energy loss, slow down
and be thermalized if there is no magnetic field
to accelerate them. However, the rate of energy
loss and therefore the range depend on different
procesics, Some of then-, lhe nuclear interactions
for instance, involve short-range interactions and
therefore cannot be predicted.

Energy loss by ionization is. bowever, well un-
derstood. When quartum ef” ' are taken into
account,'” one finds that the process involves at-
oms at distances up to more than 1000 A from the
path of the monopole. Therefore, computation of
ionization effects may be considered as trustworthy
even for large coupling constants, Moreover, it
can be checked by studying the energy loss of high-
Z nuclel, Such computation for monopoles pre-
dicts an energy loss rather uniform as 8 function
of energy,™*

- %x": %1710 GeVem!/g, ®)
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where v is the constint appearing in Eq. (3). To
take the uncomputable affects into account, we
introduce a new constant N defined by

(-dE/dx),
" 10GeVem* /g

v 2 (9)

N is defined for a given monopole of a given en-
ergy £ in such a way that Eg. (9) is satisfied for
{~dE/dx}, the average of the energy loss over the
entire range R of the particle. Therefore,

E (GeV)

NZ10 ¢ (10)

Rig/cm®)=
N is an effective charge, that of a monopole that
would have an energy loss by ionization equal to
the (= dE/dxj, of the monopole considered. N
does not have to be an integer, but the real energy
loss must be at least equal to the energy loss by
ionization. Therefore,

Nzvy. (1 1)
IV. THE MEASUREMENT OF MAGNETIC
CHARGE
A. Technique

Our detector has been described elsewhere,'” It
is essentially a supercond.cting coil shorted by a
superconducting switch as shown in Fig. 2. The
sample js attached to a cart moving along a closed
path that traverses the coil in a tunnet at room
temperature, so that the sample reed not be cooled
below ambient temperature. A superconducting
shield protects the coil against induction of cur-
rent due to changes in the ambient magnetic field.

In order to run the equipment with samples not
containing a monopole and still have observaole
results, a measurable current, i, is stored be-
fore the sample is run, This current is generated
by feeding a current intv an auxiliary coil while
the superconductiong switch is open, closing the
superconducting switch, and then de-energizing
the auxiliary coil, Next, the sample is circulated
400 times through the coil. Finally, the switch is
opened and the gignal resulting from opening the
switch is recorded. A magnetically neutral sam-
ple gives a standard signal whose amplitude would
be exactly the value expected for the current i
i it were not for the noise in the electronics. This
method of operation provides a test of the appara-
tus auring each measurement even when 1o mono-
pole is detected,

The magnetic charge of a sample is proportional
to the difference between the amplitude of the sig-
nal abtained upon opening the switch after running
the sample and the standard amplitude. The equip-
ment is calibrated by using a very long solenoid
carrying a known flux uniformly along the path of
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the sample in the coil. The north pole and the
south pole of the solenoid protude out opposite ernds
of the coil and superconducting shielding in order
that the passage of a monopole be properly simu-
lated. The long solencid is itself calibrated in

flux versus current by use of a copper coil of a
known number of iurns, outside the superconduct-
ing shielding,

The current ¢, is equa! to the current that a
ronopole of charge g, circulated 1002 times would
have producea. Therefore, when circulated 400
times, the minimum charge g, would have pro-
duced a change of + 409, in the rignal recorded on
the scope. A bigger charge would have induced
an ecn bigger change.

A study of the noise ghows that the standard
deviation is roughly egual to the signal produced
by a charge g, circulated 50 times and was inde-

TABLE 1. Apoilo 1} samples used in this experi....nt.

Sample NASA Weight Sample NASA Weight
number number (g) number number ®)

pendent of the number of passes N, actually per-
formed by the sample. When N, =400 passes, as
for most of our measurements, the magnetic
charge is measured with an error

083 8,.

(12)

If, on a measurement, the signal is not consis-
tent with a zero magnetic charge, it is either be-
cause the equipment is not functioning correctly
or because a nonzero charge has been found. In
the Intter case, the effect should be iound again
and again when the measurement is repeated, be-
cause our measurement does not in any way alter
the sample ar~lyzed, Whenever g is found not
zero by a measurement, the sample is rerun, but

= l.o.irﬁ|lvll]—r.llTvv—rI]TllTTlll
< [ © Single test T
[=] o -
< ¢ Two tasts
m - -4
. | A Three tests ]
< 0Sp A Six tests -
5 [V Two tests of 800 posses ]

- [ ] -1
(2
8 o . [ ] g
) L L . A i
~— e L] oy

C.C e ' ° *5 e0s®’ V. o
o B [} ) b
= a 1
o L 4
£
[*] <
L -O.SL 7]
st 1
3 5 .
o
2 3 S
-1.0
5 10 15 20 25 28
Sample number
FIG. 3. Magnetic~-charge measuroments

of aarrples 1 through 28 of Table I.

1 lvouz,4 2980 15  10002,107 303.0
2 10002,87 2650 16  10002,106 296.5
3 10002,86 2868 17  10002,108 294.0
1 10002,92 2832 18  10002,109 319.0
§  10002,93 2862 19  10002,A  301.5
6  10002,89 300.6 20  10002,7A 304.5
7 10002, 261.5 21  10002,7B  298.5
{10022,1 22 10002,4B  318.0
8 <10023,1- 2130 3  10002,4C  297.5
l10024, 3} ag  Yr000ZSCL o
9  10002,88 R12.5 110002, 4A{
10 10002,85 3258 25  10002,8B  272.0
11 10002,91 3004 26  10002,5A 312.0
12 10002,96 3048 27  10002,5B  316.5
13 10002,85 3258 78  10002,8A  296.5
14 10v02,97 _ 288.8

jus* before rerunning, the equipment is tested for
malfunctions. In all such cases so far, evidance
of malfunction was found,

B. Results

The lunar material analyzed in this experiment
was divided into 28 samples of approximately
equal weight whose magnetic charges were mea-
sured independently, Figure 3 shows the measure-
ment of those charges in a sequence that is approx-
imately chronological. Table I lists the samples
by their NASA reference number and by the num-
ber as they appear in Fig. 3. Sample 8 was com-
posed of three rocks. Samples 25 and 28 were
chips between 1 mm and 1 em, and samples 22
and 23 were unsieved fines. The remaining sam-
ples were sieved fines less than 1 mm from the
“Bulk Sample” of material returned, weighing
7.0 kg altogether.

Each of the samples 1 to 11, 13 to 19, and 268 to
28 was run twice, and the value of the maguetic
charge reported on Fig, 3 is the average of tie
two measurements. For the average, the error
should be about 0,1g,. Durirg that period, for on-
ly one sample (sample 10) did the measured mag-
netic charge differ from zero by more than 2 stan-
dard deviations, but for this sample as well as for
all others of this category, the measurement rep-
resents still more than 8 standard deviations from
+g,, the nearest possible value for g,

Sample 12 was run twice, but after the experi-
ment was over, we discovered that the shape of
the signal for one of the tests gave clear evidence
of switch bouncing; the corresponding measure-
ment (-0.3g,) was considered unretiable, and thus
disregarded. The value corresponding to the other
test is plotted in Fig, 3. It is still 7 atandard devi-
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ations away from any allowed quantized charge,

When we were running sample 20, and until we
ran sample 26, the superconducting switch showed
signs of fatigue. The noise on the signal was ob-
viously increased hy a factor of about 2, To over-
come that difficulty, we increased the number of
passes from 400 to 800 per run, ur performed
more than two runs, to make the average more
accurate, Later on, we could disregard some of
those measurements because we discovered the
sympicm of switch bouncing in the shapes of their
signals. We plotted the average of the remaining
measurements on Fig. 3, They are all consistent
with a magnetic charge of zerc. However, the
error is difficult to estimate because the noige did
not appear to stay constant and no standard devia-
tion can be given to it reliably. This remark ap-
plies to samples 20 to 25 only.

At the time we were running sample 26, a spare
switch was adjusted and substituted for the origi-
na! one. The noise level was again about } of g,
per measurement and constant, For sample 26,
Fig. 3 shows only the value of the magnetic charge
obtained from the measurement with the good
switch.

The measured magnetic charges are all com-
patible with zero and incompatible with a value
+g,. If fractional charges were considered as a
possibility, then we can stata that the charges
more than 0,3g, cannot have been present in more
than one sample or two.

V. DENSITY OF MONOPOLES IN LUNAR
SAMPLE

Once we accept the idea that magnetic charges
are all 'nltiples of g,, our experiment demon-
s -ates that in all 28 samples, no monopoles were
present, or the numbers of north poles and of
south poles were equal, We want to use this re-
sult to set an upper limit on the total deusity of
monopoles in the lunar sample. We choose to
quote the upper limit at 95% confidence, i.e., the
density for which the probability of getting our
zoro-magnetic-charge result is 5%.

H the density of north poles and the density of
south poles are not correlated stutistically and
if the expectation values for both densities are
xnown, the probability that the magnetic charges
of N, equal samples are all zero can be computed,
For N, » 23, it 18 less than 5% if the density of
north poles and the density of south poles are the
same and if the expected sum of both is more than
3.3 for the whole volume explored, Therefore, lor
the processes that involve statistically independent
densities of north and south poles, we state that
the expectation value for the density of north and

ALVAREZ, AND WATT
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couth monopoles in our sample is less than 3.
with 95% confidence. This number would have been
between 3.u and 3.3 for unequal north- and south-
pole densities and would have been 3,0 if we had
not taken into account the possibility of having non-
zero equal numbers of south and north poles in the
sample,

We consider two main sources of movopoles in
the lunar material and treat them separately,
since each may have a different density limit due
to the different natures of the sources. During all
the time the samples huve been exposed near the
moon’s surface at different depths, (a2) monopoles
of the primary cosmic radiation would have been
slowed down and some of them would have ended
trapped in the samples, and (b) protons of the cos-
mic rays could have produced pairs of monopoles
in collisions with nvcleons of the lunar sample,
For process (a) the densities of north and south
poles have obviously been statistically independent,
The maximum density due to that source of mono-
pole is obtained by dividing 3.3 by the weight of all
samples, 8.3 kg. It is 4x10™* monopoles/g.

For process {b) the creation in pairs causes a
potential strong correlation between hoth densi-
ties. However, once the poles of a pair were suf-
ficiently separated, it is unlikely that the mutual
attraction’between them would have played much

-of a role, because each of the.. would rather have

be2n immediately trapped by an atom or a nucle-
us,'*"'* or, in any event, been attracted by its
magnetic image in a ferromagnetic crystal'® closer
to it than the other pole is. Each monopcie would

have been trapped in the grain where it had stopped.

If a grain were small, it would have captured only
one of the monopoles of the pair and left the other
pole to another grain. There is a typical grain
size, d, below which a grair would have trapped
only one monopole. It ig of the order of the dis-
tance between the two poles at rest. It depends

on the angle between monopoles at production, the
range of each of them, etc. It is hard to estimate
reliably. However, the contribution to it from
muiltiple scattering can be computed.?® and it rep-
resents 2 minimum for the value of d, [t should be
of the order of 1 mm in lunar material, for in-
stance, for a pair of monopoles of mass 20 GeV
created near threshold.

We consider that the densities of nerth and of
south poles from this process are not correlated
statistically if the poles of the pair have been
trapped in different grains, because it .5 believed?®
that the lunar material has, several times in its
existence, been thrown out by meteoritic 1. 'pact
and transported over distances of up to 10u km. In
such displacements the mixing shou.d have been so

thorough that neighboring grains would find them-
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selves far apart. There is indeed plenty of evi- _ 100y Y T T
dence that a thcrough mixing actvally d.1 occur, s :gt‘ ® Dry ona wet Sieve doto i
from analysis of solar-wind particles,* from fos- s 10!: ® Coulter counter dato » i
sil tracks in dielectric crystals,’” and from mea- 2 e ‘F ]
surement of the neutron exposure,2s .f. 50 o .
To compute the limit for the monopole density g R
due 1o pair production by incident cosmic-ray pro- - % O’f ]
wns, we used oniy the 7.0 kg of material called § fg ./ j
“sieved fines” and conside:ed the densities of & o i L
south poles and north poles to be uncorrelated. 10-0 1o 0.1 oot 0.001
Particle diameter {mm)

That selection correspends to an arbitrary size
limit d of less than 1 mm for the particles in the
raaterial used; therefore, of the lunar samples
rur, sampies 8, 22, 23, 25, and 28 are disregard-
ed. The maximum density is then 4. 7x10™* mono-~
ples/g for a (5% confidence level.

If north and south poles are believed, after pro-
ductior: and thermalization, to have been separated
by a typical distance d less than 1 mm, only the
fraction of material smaller than d mm should be
used in this analysis. The curve of Fig. 4 repre-
sents the percentage by weight of the fine sample
with zrain size greater than a given dimension.®®
It can be read to find what fraction f of our sample
did not meet the requirements, and therefore the
fraction 1 ~f by which the avove density (and con-
sequently our cross-section limits on Figs. 6
and 8) should be divided.

V1. RADIATION HISTORY OF THE
LUNAR SAMPLE

The relations between density and primary mon-
opole cosmic fiux on the one hand or between den-
sity and pole pair-production cross section on the
other hand depend on the history of the samples,*
i.e., at what depths they have been over the years.
We use the same approximation as do the geolo-
gists studying the radiation history of the lunar
so0il,**+* j.e, we imagine that its surface has been
mixed completely and uniformly down to a depth L
during its existence as a solid.

We consider only the time for which the sample
has been a solid because ~even if monopoles were
bound to nuclei'® ~there is no insurance that mon-
opoles stopping in a liquid r.edium would not have
drifted and spread into the bulk of the moon. It is
safer to count only on the trapping inside solid
inaterial. The age of crystallization we use is
3.6x10" years??-%®

In the simple model of uniform mixing, the depth
L determines the amount of exposure of the sample
to cosmic radiation and is estimated by :natching
the measured exposure age deduced from.spallation
products, These products are believed to be pro-
duced mostly by high-energy cosmic-ray protons
of 1 GeV or so. Among all the possible measures

FIG. 4. Submillimeter-fines size distribution
according to Ref. 25.

of radiation exposure time, spallation products
seem the most appropriate for representing expc-
sure of the sample to the high-energy primary
cosmic-ray flux. The exposure ages are deduced
from the measured amount of a given stable spal-
lation product and an estimate of its rate of pro-
duction based either on the measured amount of a
radioactive spaliation product of the same element
or other auxilliary measurements on the sample.
Exposure ages measured on small samples of
Apollo 11 fines range from 100 million to 1300
million years with an average of about 500 million
years.’® This large spread in measured ages can
be attributed to different histories of burial for
the different samples. For our sample, which is
large, the average exposure age of 500 million
years should be quite accurate compared to the
spread in measured ages of milligram -size sam-
ples.

Our estimate of the mixing depth L involves (1)
estimating the rate of nuclear interactions as a
function of depth below the lunar surface due to the
incident isotropic cosmic radiation, (2) calculat-
ing from these interaction rates the average densi-
ty of interactions expected after a time equal to
the age of crystallization, 7,, if the soil was uni-
formly mixed to a depth L, and (3) equa..ng this
density to the density of interactions expected for
a sample exposed at the surface of the moon for a
time equal to the average exposure age, 7,.%

The following assumptions are made:

(2) The collision mean free path is 85.5 g/cm®
in lunar material,

(b) The isotropic cosmic-ray flux of protons
above an energy E has beer constant in time and
is given by

®(E)=1.4E™** particles/cm®sec sr, (13)

where E is the kinetic energy in GeV.

(c) At each interaction the incident particle re-
tained 609, of its original energy and continued on
in the same direction,’®

(d) The interaction of primary cosmic rays gave
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rise to a secondary flux capable of producing spal-
lation products. (This flux is normalized to give
0.8 interaction per primary interaction at large
depths to match the eaperimental results for a
thick lead target in the atmosphere.”)

\¢) The sample resided on (he surface of the
moon for a period of time pricr to collection which
was long compared to the half-life of the radio-
active spaliation product used to determine the
production rate of the stable product. (This time
is ~0.2 million years for *Kr, one of the main
isotopes used in determining production rates.)

The resulting estimate of the mixing depth is
proportiona! to 7./7, and amounts to 1000 g ‘cm?.*
Since both the flux limits and cross-section limits
of Sec. VII are proportional to L/T,, it is clear
that the errors in these limits are not very sensi-
tive to the mode! of uniform mixing but depend
more heavily on the measured average exposure
age. Our 95% confidence limits do not take into
account any uncertainty in thc radiation history of
the lunar sample; this uncertainty, however, may
well decrease as more measurements are made,

VIi. UPPER LIMITS DEDUCED
FROM DENSITIES

A. Cosmic Monopole Flux

The efficiency of trapping monopoles depends on
how deeply they penetrated the surface, i.e., on
their range R, i.e., on their energy and on the con-

A
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stant NV defined by Eq. (9). U north and south mon-
npoles present in the primary cosmic radiation are
isotropically distributed and monoenergetic with
energy E, the sum of their fluxes per cm? sec sr

is given by

(density of monopoles)x L
rx €(E)X 7 crystallization) ’

S(E)= (14)
where €(E) corrects for solid-angle effects for
large ranges R:

y1 for R<L
)V L3/R? for R>L.

AN

€(E) = (15)
Using the value® for L and the 95% confidence

limit for the density, we get the upper limit for

the flux of monopoles in the cosmic rays as a func-

tion of E,

(E) lelO'“
PE) < =15

. (16)
i reality, £ in Eq. (16) is an average energy of the
cosmic monopole, such that €(E) is the average of
the collection efficiencies of the monopoles over
their energy spectrum, The result is plotted in
Fig. 5 for different values of N.

B. Pair-Production Cross Section

The limit for the production cross sections, by
collision of an incident cosmic-ray proton with a
nucleon of the lunar surface, is proportional to the
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limit for the density of monopoles in the sample,
with a factor of proportionality that we derive from
a Monte Caric computation,®® Much of this compu-
tation depends on the same parameters as the mix-
ing depth L in such a way that, because of cancel-
lztion effects, much of the ervor in their determin-
ation has little influence on the final result,

In that computation, proton interactions are sim-
ulated with the properties listed from (a) to (c) in
Sec. VIIA, We neglect mouopole production by the
secondary flux [condition (¢) in Sec.. VIIA], there-
fore we compute an upper limit slightly greater
than the real one, In addition, we assume (a; the
cross section o for each mass M assumed for the
monopoles of a pair is constant above thrashold
and zero below it; (b) the produced moncpoles
were emitted in the sgame direction as the incident
proton, with the same velocity as the original nu-
cleon-nucleon system, and with range given by
Eq. (10).

The limit for the cross section o for 5% confi-
dence level ig plotted on Fig. 6 as a function of the
mass M, for different values of the conatant N of
Eq. (10), If the distance between two monopoles of
a pair is believed to have been typically equal to a
value d less than 0.1 cm, then the cross sections
should be increased by the factor 1/(1 -f), where
f is the factor read on Fig. 4 for the abgcissa

equal to d.

Because of our accuracy in the measurement of
the magnetic charge, our flux and our cross-sec-
tion limits are valid for any monopole of charge
equal to or larger than g,. Those limits are still
of the same order of magnitude if the monopnle
charge is smaller than g, but not lower than 0.3g,.

VIIl. RESULTS OBTAINED WITH OTHER
MATERIALS

Our monopole detector was used also to measure
the magnetic charge of other materials. The total
mass of materials measured in our detector, in-
cluding the containers used for lunar material,
weighed about 28 kg. Our negative result sets an
upper limit of 2x 102 monopoles/nucleon with
95% confidence for the average density of mono-
poles in all those samp. 28, i.e., for the average
density of monopoles in matter,

The nonlunar materials were measured with a
number of passes N, greater.than 2000, therefore
with an accuracy

08 <g,/40. (17

The goal was to detect possible mr nopoles of
charge g,/3, following reports that there could be
charges of that magnitude (see Ref, 35, for in-
stance).
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2.4 kg of ocean sediment of the kind analyzed in
an earlier experiment® and an emulsion contain-
ing a suspect track, exposed in the same experi-
ment, were available, The ocean sediment was
run as eight different samples with N, =2000, and
the emuision with N, =4000, All inagnetic charges
were found consistent with zero and inconsistent
with charge g,/3 by more than 10 standrrd devia-
tions. It should be pointed out, however, that the
ocean sediment and the emulsion had been exposed
to the very high magnetic fields used in the pre-
vious experiment, and our measurement is mean-
ingful only if monopoles are supposed to be hound
s0 strongly to the material that they would have
escaped extraction in the strong field,

Portions of various meteorites®® were also avail-
able and were run through our detector, with N,
=2000, Again the magnetic charges were found
compatible with zero a.d incompatible with cliiarge
&,/3 by more than 10 standard deviations. The
total weight analyzed was about 2 kg,

Various materials such as targets exposed to the
Brookhaven AGS accelerator and some geological
samples were measured with N, =2000; the same
zero results were obtained., A permanent magnet
with a north and a south pole of charge 10° emu
and its keeper were run with N,=100. The mea-
surement shows that the north and the south pole
of that magnet were equal, at least to 1 part in
5x 10,

ALVAREZ, AND WATT
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IX. STATUS OF MONOFOLE SEARCH

Cur search has not identified a magnetic mono~
pole, and no other experiment has found one eith-
er, All measurements thus give only upper limits
for monopole density in various lccations, Figure
7 shows soine 95% cornfidence limits for the sum of
the primary fluxes of north and south monopoles in
cosmic radiation as a function of the monopole
kinetic energy as they are determined by some of
the monopole searches.®® ¥"~*' Figure 8 shows
some 95% confidence limits obtained for production
cross section in proton-nucleon collisions as a
function of the mass of the assumed mono-
pole,®: 37-38.42=45 pIgre results about monopoles
have been reported than are shown on Figs, 7
and 8. Some former work can be found in 2 recent
review article.*® Limits for pole pair-production
cross sections by neutrinos*” and y rays® 3.3
have been published. Mass- and charge-dependent
upper limits for cosmic monopole flux more re-
strictive than those of Fig. 7 have been <stimated
from reasonable assumptions concerning the be-
havior of monopoles in space.'! Monopoles have
been searcked for by studying Cerenkov light emit-
ted by sea-level minimum-ionizing cosmic-ray
particles,*®

In different experiments different properties have
been assumed for the monopole. They must be
believed if the resulting upper limit is to be be-
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FIG. 7. Upper limit (95% confidence level) on the flux of cosmic monopoles as determined in various monopole
searches. A from this work; B from Ref. 35; C from Ref. 39; D from Ref. 38; E from Ref. 37; F from Ref. 40.
The flux of cosmio-ray protons above an energy K as given by Eq. (13) of the text is shown for comparison; for this
ourve the cosmic-ray kinetic energy £ is read on the monopole kinetic-energy acale,
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lieved. In order to illustrate the different kinds of
experiments that have been done, some of the
agsumptions involved are listed below. (The list
is not claimed to be exhaustive,)

1. Electyomagmetic induction and source of mag-
nelic field. The two phenomena are bound together
by Lorentz invariance. They constitute 2 definition
of the monopole.

2. Accelcration in magnetic fields. There is a
force on the monnpole proportional to the value of
the magnetic fie’1. That property could be consid-
ered as an alwernative definition of the monopole.

3 ¢ ambam - a
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3. Thermealization, Monopoles are supposed to
lose energy in matter by some mechanism such as
ionization and be slowed from high velocity down
to very low velocities,

4. Migration. After thermalization the mono-
poles are supposed to move from the point of ther-
malization through gases cr liquids to a collector
by some mechanism such as following magnetic
field lines.

5. Trapping. After slowing down and rerhaps
migrating scmewhere, the monopoles are supposed
tc he trapped in ferromagnetic or paramagnetic
materials by a magnetic binding energy.

6. No binding to atoms or nuclei. Monopoles are
supposec not to be bound to atoms or nuclei in
nonferromagnetic material.

7. Extraction. Monopoles trapped in a material
are supposed to be wrenched out of the material by
large magnetic fields.

8. Track signature. Monopoles are supposed to
leave characteristic tracks in emulision or crystals
due to their high rate of energy loss; they would
not have been detected unless they produced a very
heavy track.

9. Scintillztion signature, Large light pulses are
required from monopoles traversing scintillators
in order for the monopoles to be detected.

10. Novth-pole=~scuth-poie separation. North
and south poles are supposed to be substantially
separated for kinematical reasons after pair pro-
duction and after slowing down in matter, without
the influence of an external magnetic field,

11. Incident cosmic-ray nucleon flux, When-
ever pair production by cosmic-ray nucleons is
involved, some assumptions have been made on
their power spectrum, These assumptions may
concern longer or shorter periods of time, depend-

TABLE II. Experiments determining limits for cosmic monopole flux, .

Reference
This
Assumed property 35 37 38 39 40 41 work
Eleciromagnetic induction
ov source of magnetic flux x
Acceleration in magnetic field X X x X x
Thermalization x x x x x
Migration X x x 11
Trapping x X X x
No binding to atoms or nuclei x
Extraction X x x
Track signature X . x x
Scintillation aignature x v
Interstellar environment x
Charge range (Dirac units) 0.16-27 1-3 1-30 =2 - =} 20.3
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ing on the experiment,

12. Interstellar environment. Some consequen-
ces rely on assumptions concerning the configura-
tion and the magnitade of the magnetic fieid in
space and the ambient thermal radiation,

12. The asymmetry of magnetic charge. Mono-
poles are supposed to be mainly of a given sign.

The question of which experiment depends on
which property can be answered by reading the
original papers. A partial answer is given, to the
best of our objectivity, in Tables II to IV: in
Table II for some experiments®+3'™*! determining
limits on the cosmic-ray monopole flux, in Table
M for experiments determining pair -production
crosg-section limits,3377%%:4"% and in Table IV,
for experim~ntg®+3%:3%:4® that get limits on density
of magnetic .nonopoles in ordinary matter. The
limit obtained per nucleon, with the Dirac charge
assumed for the monopole, appears in Table IV,

In 2ach table, there is a column corresponding to
each experiment (identified by the reference re-
porting it), An x in the row corresponding to an
assumed property indicates that it was used in that
experiment; a v indicates that the assumption con-
cerns only part of the experiment, Also indicated
is the range of monopole charge covered (when
specified by the authors). The assumptions quoted
for each experiment are the ones that have been
quoted by the authors themselves,

The main feature of ousr experiment is that the
only properties agsumed for the monopoles, aside
from their production, stem from their electro-
magnetic interactions at ranges of 1000 A or more.
The other assumptions necessary for the interpre-
tation concern essentially the radiation history of
the moon and are independent of the monopole

ALVAREZ, AND WATT
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theory itself,

X. CONCLUSION

Monopoles may not exist. The monopole theory
as expressed in Refs, 2, 4, 5, and 7T could antually
be disproved experimentally if a small difference
were found between the magnitude of the electron
and the proton electric charges, because it would
require an enormous increase in the unit of mag-
netic charge quantization according to those the-
ories. Since experiment* limits that difference to
less than 10-%° times the electron charge, any pos-
gible difference would correspond to minimum
magnetic charges’ experiencing forces of more
than 3009 tons in a magnetic field of 1 G. If such
a difference were ever found, it would certainly be
interpreted as a violation of cnarge quantization
and hence as a disproof of the theories referred to
above.

However, monopoles may just have been tricky
enough to elude all searches to date, According
to a recent analysis,* the cross section might be
very low for producing pairs of monopoles that
would remain separated, It would be necessary to
have longer exposure to high-energy particles to
be able to isolate a magnetic monopole.
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TABLE IV. Experiments determ’ning limits for density in ordinary matter.
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Scintiilation signature x
Asymmetry of charge x
Charge range (Dirac units) >10~* 0.16~27 unlimited 50.3
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